Introduction
In recent years, the photoionization spectrum of the water molecule has become the model system of choice for the treatment of the Rydberg spectra of a polyatomic molecule by multichannel quantum defect theory (MODT). Photoionization spectra obtained by Page et.
a1.
1 ) first showed a number of auto-ionizing Rydberg series converging on the (100) vibrational state of the H 2 0 + ion in its ground electronic state, and this provided the impetus for Child and Jungen to carry out the first MODT calculation for an asymmetric top molecule 2 ).
The results of Page et. al. showed resolved rotational structure for principal quantum number n = 6, which is the lowest member of these Rydberg series above the (000) ionization threshold, but for higher members of the Rydberg series only the very strongest rotational features could be observed. Recent improvements in the generation of extreme ultra-violet radiation (xuv) have enabled an experiment where the rotational structure of the HjO Rydberg series can be followed to higher principal quantum number, with the ad4itional advantage of improved resolution. These new spectra are presented in this paper.
In addition, results are presented for an experiment where H 2 0 Rydberg series converging on the (000) vibrational state of the H 2 0+ ion were studied by employing a
(1 + 1) multi-photon ionization (MPI) technique. These Rydberg series are expected to have quantum defects very similar to the series observed in the direct photoionization experiment, and thus their observation aids in the assignments of the photoionization spectra.
Furthermore, differences between these MPI spectra and the photoionization results give information about the decay mechanisms of the Rydberg states and the extent to which these states are perturbed by neighbouring states.
Efforts were made to simulate the spectra using multichannel quantum defect theory> 5), with a description in terms of rotational channel interactions with partial I mixing.
Although the simulations were able to reproduce some of the main features of the spectra, some serious discrepancies remain. It is believed that-these discrepancies are due to " perturbations by overlapping excitations to linear ionic states.
H]O Rydberg SpectroscoRY
The molecular orbital structure of the H 2 0 molecule in its ground state is given by XIAl{(1~)2 (~)2 (lb 2 )2 (3~)2 (lb 1 )2}. In the spectral range of interest in this paper absorption features are observed corresponding to excitation of electrons in the 3a 1 and the Ib 1 orbitals, which are a bonding orbital in the molecular plane and a nonbonding oxygen p-orbital pointing out of the molecular plane, respectively. Removal of an electron in the Ib 1 orbital forms the H 2 0+ ion in the X 2 B 1 ground state, which has a bent geometry close to the initial H 2 0 geometry. Removal of an electron from the 3a l orbital forms the H 2 0 + ion in the A2Al state, which is linear, and the large geometry change induces long progressions in the bending vibration. In the current paper we will maiIily be concerned with excitations of the Ib l orbital.
The first observation of members of the (lb l r 1 Rydberg series discussed in this paper was done by Price 6 ), who measured members of four different Rydberg series labelled A, B, C and D, which were later interpreted as excitation from the non-bonding Ib 1 orbital to orbitals with symmetry npa l (A), npb l (B), nda l and nd~ (C), and ndb 1 and nd~' (D) 7). The quantum defects of these states are close to the quantum defects of a single oxygen atom, namely}l:::: 1.4 for the ns series,}l:::: 0.7·for the np series and}l :::: 0 for the nd series, which matches reasonably well the oxygen atom quantum defects of 1.20, 0.76 and 0.03 respectivelyB). In subsequent experiments the absorption and photoionization spectrum have been determined with increasing precision. In what follows, we will focus primarily on the observation of members of Rydberg series with principal quantum number ~.
Using a helium continuum source, Katayama et.al.
9
) measured the total absorption and photo ionization cross section in the wavelength range from 580 to 1050 A with a resolution of 0.5 A, and were able to observe Rydberg series up to principal quantum number n=8. For these higher principal quantum numbers the spectrum is dominated by excitation to nd orbitals. Since the Ib 1 orbital is essentially an atomic p-orbital, the III = ± 1 selection rules forbids excitation to p-orbitals unless the-np Rydberg orbital is perturbed by the molecular core, as is the case for low principal quantum numbers. For higher principal quantum numbers the np < --Ib 1 transition becomes nearly forbidden. Ab-initio 4 calculations by Diercksen et.al. IO ) show that the oscill~tor strength for excitation to nd levels is significantly larger than for excitation to, ns levels, so to a good approximation the Rydberg series observed in the current experiments can be described as being due exclusively to nd <-1b l excitations. Using synchrotron 'radiation Ishiguro et.al.ll) and Gfirtler et.al.
12
) measured the absorption spectrum between 600 A and 1250 A, with a resolution of 0.03 A in the latter experiment, and were able to determine the positions of the nd series out to principal quantum number n = 13.
There are five different nd orbitals for each principal quantum number, namely nda l (q+), ndb 2 (2(+), nd~ (£), nda l ' (6+) and ndb l (6). Following the standard approach to evaluate the. non-zero transition matrix elements for a dipole-allowed transition There are no dipole-allowed transtions to orbitals of b 2 symmetry.
The quantum defect treatment of Child and Jungen showed that for high principal quantum numbers, in the limit of [-uncoupling, when the Rydberg electron is more appropriately described in a space-fixed coordinate system (Hund's case (d» than in a molecule-fixed coordinate system (Hund's case (b», the frame transformation. from case (b) to case (d) results in an alternative set of propensity rules 2 ):
where A" is the projection of the orbital angular momentum [ in the molecular frame in the ground electronic state and Pe" is the parity of the electronic wavefunction in the ground electronic state. For the 1b 1 lone pair orbital of the H 2 0 molecule, one has A" = f' = 1 and 5 Pen = 0, leading to ~ K. = odd and,~ ~ = even, which corresponds to c-type transitions.
In the Rydberg spectra of the H 2 0 molecule a change in appearance is therefore anticipated between transitions to Rydberg levels with low principal quantum numbers, where a-type, rotational structure for principal quantum number n = 6, whereas for higher principal quantum numbers a significant amount of the rotational structure is lost in the continuum backgrourid.
Tonkyn et.al.
19
) have recently published the rotationally resolved threshold photoionization spectrum of the H 2 0 molecule by using pulsed-field ionization of extremely high-n Rydberg states (n ~ 150). This spectrum shows the convergence limits for individual rotational transitions. A simulation of the intensities observed for different final rotational states of the H 2 0+ ion revealed that the Rydberg excitation is described by a combination of a-type and c-type transitions. Possible explanations for the occurrence of a-type transitions, which contradict the above propensity rule, Include I-mixing in the initial 1b 1 orbital or in the nominal nd orbital. Tonkyn et.al.
) favoured the former, but this is ruled out by Gilbert and Child 20 ) on grounds that the np<--lb 1 ZEKE spectrum arising from a d component in the initial orbital-occurs at a higher frequency than the observed nd < --lb 1 spectrum. Ab initio based studies by Lee et.al. 21 ) show conclusively that the main source of . a-type intensity is I-mixing in the excited photoorbital. The dipole perturbation model 6 offered by Gilbert and Child 20 ) , which reaches the same conclusion by a different route, attributes the high intensity of the a-type ZEKE lines to intensity borrowing from moderate n=50 members of the allowed nd<-1b l series which are imbedded in the dense near continuum of an np series terminating on a lower rotational level of the positive ion.
Resonant mixing of this type is ~ely to affect the present low n = 10 region of the spectrum, but persistent weak I-mixing can have a more subtle effect by altering the orbital composition of the excited state and hence breaking the propensity rule in Equation (1).
Wang et.al.
22
) have observed how in portions of the spectrum intensity is missing for excitation from the 1b l orbital to ns, np,and nd orbitals of a l synurietry. They speculated that . corresponding to bent states, describing excitation of the 1b I non-bonding orbital aiid diabatic curves corresponding to linear states, related to excitation ~f the 3~ bonding orbital. Interactions with the 3pb 2 < --3a l eB 2 ) linear state, for which seveallow-lying bending levels have been reported 24 ), are predicted to be particularly-important, because the avoided crossing are predicted to lie close to all nd~<--1bl eBJ potential minima and a strong perturbation of this type has already been observed in the E' band of the 3d'< -1b l chister l8 ).
Once formed, the fate of the Rydberg molecule depends strongly on whether its totalenergy .does or does not exceed the ionization threshold. Levels below the ionization threshold are predissociated by the BIBl state and the asymptotic channels which are energetically accessible are2S) OH(X2n) + H(n= 1), OH(A~+) + H(n= 1), H 2 el:/) + Oep), H2el: g +) + OeD) and Oep) + 2 H(n= 1). For example~ at an excitation energy of with a Born-Oppenheimer picture in which the short-range scattering phase shifts, which are expressed in terms of quantum defects, may·be taken to be diagonal with respect to body fixed components of the wavefunction. In other words Hund's case (b) angular momentum coupling is taken to apply at short range. A second simplification, due to the fact that the kinetic energy close to the core vastly exceeds the energy range of typical interest, is that the quantum defects may be taken, as a first approximation, 'to be independent of energy.
Finally the high short range electron velocity is taken to justify a sudden recoupling of the angular momentum to space fixed axes as the electron recedes to long range, where Hund's case (d) applies. The upshot is that the short-range scattering matrix is expressed in the energy independent form
where Ii> and Ii' > are Hund's case (d) states, the I a > are case (b) states and #a are the quantum defects.
Child and Jungen
2 ) have given a detailed exposition of the theory of rotational channel intera~ions (i.e. excludmg vibrationally inelastic short range scattering) within the approximation of pure precession, which implies a transition from 'a Hund's case (b) 8 spectrum at low principal quantum numbers where the electronic energy separation normally exceeds the rotational constants, to a Hund's case (d) spectrum at high n values such that the energy separations within a given I manifold become negligible compared with the rotational constants. This is however an oversimplification because the effects of I-mixing can seldom be ignored. One consequence is to break the pure precession propensity rules in the case (d) limit as seen for example by the influence of dip mixing in allowin~,21) the appearance of type a lines in the afore-mentioned pulsed-field ionization spectrum of H 2 0 19). Secondly, I mixing can significantly alter Coriolis coupling strengths and hence delay the complete transition to case (d) frequency separations until the case (b) electronic origins for all I waves at given n are effectively degenerate on the scale of the rotational constants.
Further complications which remain to be incorporated within MODT for polyatomic molecules include vibrational and electronic channel coupljng. The former clearly drives the autoionization process responsible for detection of the nd(lOO) <-Ib 1 series in H 2 0 first observed by Page et. al. 1 ) and no~ reported in higher resolution below. The presence of vibronic coupling in the H 2 0+ positive ion27) may also be expected to give rise to perturbations between the nd < -Ib 1 series and bending levels of the various 31 < --3a 1 linear states. One such perturbation was identified by analysis of the 3d cluster 18 ) and others are predicted in a recent ab initio stud~).
The current neglect of these complications makes it impossible to give a complete account of the observed spectra, but some pointers towards the interactions at play are given.
2. Experimental Awroach
The experimental apparatus used in this experiment Consisted of a near-perpendicular crossed beam arrangement of an extreme ultra-violet (xuv) laser and a pulsed molecular beam, which will now be described in tum.
Pulsed xuv radiation was generated by frequency-upconversion of the output of a near transform-limited visible dye laser system, which is based on pulse-amplification of the continuous output of a Coherent 699-29 Autoscan ringlaser in four stages, using three prism dye amplifiers, where the second dye amplifier is double-passed 28 ). The dye-amplifiers are pumped by the second harmonic of a Quantel Nd:YAG laser model 581C. At a 600 run wavelength this laser system is capable of generating up to 120 mJ in a 7 nsec FWHM pulse .
with a near transform-limited bandwidth of 91 MHz. The laser operates at a 10 Hz repetition rate.
The dye laser output was frequency-doubled using KDP crystals, generating in excess of 30 mJ /pulse of ultra-violet radiation. This ultra-violet radiation was focussed onto a pulsed Ar jet using a 2S em focal length fused silica lens and xuv radiation was obtained by frequency triplin~). A home-built pulsed valve according to the design of Proch and The xuv radiation passed through a 1 meter McPherson Model 225 vuv monochromator, which served two purposes. First of all, by operating the grating in first order, the monochromator allowed separation of the xuv and the co-propagating ultra-violet radiation, so the direct photoionization experiments could be carried out without the possibility of multi-photon interferences from the ultra-violet, which is ab~ut five orders of magnitude more intense than the xuv light. And secondly, the grating serves to refocus the xuvradiation, which is strongly divergent as it exits the tripling region. Since the tripling jet
is located outside the monochromator, the xuv radiation is refocussed inside the I monochromator when a standard grating for this monochromator is used, and at the crossing point with the molecular beam in the main chamber the xuv beam size is about 3 mm, winch approximately matches the size of the molecular beam. This is the condition under which the direct photoionization measurements were performed.
In the (1 + 1) multi-photon ionization (MPI) experiments the grating was operated in zeroth order, where the ultra-violet light which had been used to generate the xuv radiation served to ionize the Rydberg molecule. In order to achieve this it was necessary however to change the experimental arrangement a little. The H 2 0 Rydberg states studied in this experiment are rapidly predissociated, with lifetimes of about 10 picoseconds. If the ultraviolet light is refocussed into a 3 mm spot the ionization-rate of the Rydberg molecules is too low to give a detectable signal, and therefore the 1 meter focal length grating was replaced by a 1.188 meter focal length _ grating which was mounted off the backflange of the vuv monochromator and manipulated in such a way that the xuv and ultra-violet were refocussed at the molecular beam. The MPI signals that were obtained in this fashion were up to ten percent of the signals in the direct photoionization experiment.
The pulsed H 2 0 molecular beam was generated by using a second pulsed valve according to the design of Proch and Trickl Shot-to-shot fluctuations in the xuv laser power can easily be as much as 50 %, and therefore, in order to obtain a good signal-to-noise ratio in the direct photoionization experiment, a normalization procedure for the xuv laser power was required. Similar to Page et. aI.
1
) CJi2 was mixed in with the Ne carrier gas to provide a nearly wavelength independent ionization signal with the same laser power dependence as the H 2 0 photoionization signal. The H 2 0 + and <;H2 + signals were averaged separately on two boxcar averagers and the ratio, determined by an analog processor, was used as a true measure of the H 2 0 photoionization efficiency. In or:der to achieve the optimum linearity for the normalization procedure, the Ne/<;H 2 mixture was prepared with a Ne : <;H2 partial pressure ratio of about 100 : 1, which resulted in similar signal levels at the H 2 0+ and . In the MPI experiment, the ~H2 can be ionized either by absorption of a single xuv photon or by absorption of three or more photons from the ultra-violet laser which copropagates with the xuv laser. When the emciency of the xuv generation was optimized, it was found that the signal for the direct photoionization by one xuv photon was about 15 times stronger than the latter MPI process, and therefore the MPI spectra were recorded applying "the normalization as well. Once an H 2 0 + signal W& found in the MPI experiment, the location of focus of the xuv laser was fine;.adjusted by simultaneously moving the nozzle of the Ar jet and the 25 em lens which focusses the ultra-violet light onto the jet along the laser propagation axis. Tables 1 and 2 , along with results of the quantum defect calculations to be _ _ described below.
In relation to Figures 1a and 2a , a few introductory remarks can be made. First of all the direct photoionization and the MPI spectrum have a significant number of lines in common, illustrating the fact that (i) the quantum defects for the direct photoionization andthe MPI experiment should be quite similar, and (ii) the rotational structure for H 2 0 + (000) and H 2 0+(100) is almost identical. The differences between Figures 1a and 1b point towards perturbations affecting the 6d levels in one or both of the Rydberg series and towards differences in the decay mechanisms for the 6d members of both series.
In the MPI results in Figure 1a the linewidths are typically 0(1 em-I), whereas in the photoionization results the.linewidths are typically 0(2-3 em-I). This is consistent with the fact that below the ionization threshold the linewidth is determined predominantly by the lifetime towards pre dissociation, whereas above the ionization threshold the linewidth is determined by the competing processes of auto-ionization and pre dissociation. This result is consistent with the .experiments of Dutuit et. al.25) which were mentioned in the Child and Jungen concluded that the a-series corresponded to excitation from the 101 ground rotational state to a Rydberg level corresponding predominantly to a 111 ionic rotational state, whereas the b-series corresponded to excitation from the 101 ground rotational state to a Rydberg level corresponding predominantly to a 211 ionic rotational state. In the current experiment the na-nb series can be followed to n = 13 in the MPI results and to n = 11 for the direct photoionization results.
It is interesting to look at the linewidths of the peaks of the na/nb series. In the current experiments the laser bandwidth is negligible compared to any of the observed linewidths and therefore these linewidths give a direct determination of the lifetime of the Rydberg level which is excited. This statement is also valid for the MPI experiment where an estimated 95% of the excited molecules decayed via pre dissociation. The observed linewidths are collected in Table 3 . As expected, the linewidths for the Rydberg series converging on the H 2 0+ (000) vibrational state are lower than those for the Rydberg series converging on the H 2 0 + (100) vibrational state. Also, it is observed that the lines generally become narrower with increasing principal quantum number, reflecting the reduced corepenetration of the Rydberg orbital for highly excited Rydberg orbitals. Table 3 shows enhanced linewidths for some selected lines. These enhanced linewidths could in principle provide valuable information about interactions perturbing the Rydberg levels, such as interactions with linear states involving excitations of the 3a 1 orbital.
I

Quantum Defect Analysis
The observed MPI and photoionization spectra, together with a tentative multichannel-. quantum defect simulation 2 ), based on assignment to the nd(OOO) <-1b 1 and nd(l00) -1b 1 ~cries respectively, are shown in Figures 1 and 2 . Minor differences between the two series are to be expected from differences in the quantum defects, since in the two series the electron-core collisions sample a slightly different range of 'ion-core geometries. The observed discrepancies are however too numerous and too unsystematic to be accounted for in this way, because in any case the simulated spectra for n ~ 9 are found to depend only 14 on the composition of the channel wavefunctions (see below) and the H 2 0+ rotational constants, and hardly at all on any reasonable choice of the quantum defects.
One obvious feature is that the n = 7 and n = 8 photoionization bands are heavily overlapped by other band systems, which might include bending levels of one or more of the 3d . < --3a 1 linear states as suggested by Page et.al.
1
) or of the 3p < --3~ linear states. In particular it should be noted that lower bending levels of the 3pb 2 <-3a 1 eB 2 ) linear state have already been reported 24 ), that one of them not only overlaps but also perturbs the 3d clustero) and that other possible interacti~ns between the 3p~ < --3~ (1 AI) and 3pb 1 <-- Turning to the details of the simulation, there is evidence for significant I mixing in the fact that the spacings of the 'a' and 'b' peaks in the n = 9-11 members of the photoionization series are markedly less than the 211 < -111 level separations in the simulated nd < --Ib 1 case (d) spectrum in Figure 2( 
then any Coriolis coupling within the d manifold is diminished by a factor coso. In the present case, the necessary reduction in Coriolis coupling to account for this diminished strong peak separation was most simply accommodated by allowing an admixture of s character into the du orbital, with a mixing angle of O.l1r. Supporting evidence comes from the fact that such mixing would also enhance the abnormally low calculated intensity in the simulated E component of the 3d <-Ib l cluster l8 ). No doubt there is also p/d mixing in the excited state but it was less t easy to find clear evidence of its likely magnitude. Hence only the above s/ du mixing was taken into account, with an energy independent strength ( which was taken to be common to the two series. ) was based on the only three conserved quantities -the total angular momentum J and two parity labels, termed p and p. by Gilbert et al.
18
).
The quantum defects employed for the simulations, which are listed in Table 4 , were separately optimized to the n:; 6 hlPI and photoionization bands, whose close similarity suggests minimal· effects from extraneous perturbations. Note however that the n=6 MPI assignment is ambiguous because two of the three strong lines around 98650 cm-1 and several weaker unassigned lines must be attributed to an overlapping system. Unfortunately the ambiguities cannot be resolved by use of combination differences because none are 16 predicted at the assumed beam temperature of 25 K. The assignment adopted was therefore based on the best fit, with standard deviation q = 1.49 em-I, subject to reasonable consistency with the photoionization quantum defects and those obtained in earlier studies2,18). Given the assignments, values for the two ionization limits were obtained by including observed strong na and nb lines for n ~9 in the fit. The resulting values of 101773 em-I and 104985 em-I for the (000) and, (100) Tables 1 and 2 list comparisons between the observed and calculated line positions, ,except. that many of the photoionization lines for n = 7 and 8 and a long series of ( weak lines for n=9; which are assumed to belong to overlapping series, have been omitted from the table.
The overall fit for the photoionization series is satisfactory given the presence-of overlapping band for n = 7 and n = 8, which may also lead to bad perturbations. Differences between the ;quantum defects and those employed by Child and Jungen 2 ) arise frommlnor differences in the assignments suggested by the higher resolution of the present spectrum and from the present incorporation of sl dq mixing. The situation with respect to the MPI series is less . satisfactory. The assumption is that the strong na lines in the simulations for n= 10-12 are removed by pre dissociation because their counterparts appear in the photoionization series and in the case (d) simulation. There is however oDIy at best an accidental coincidence between the calculated and observed weak lines at these high n values. It is also extremely difficult to find a.convincing simulation of th~ n=8 MPI band without assuming interaction with some' presently unknown state.
Comparison with previous estimates for the quantum defects2,18) is complicated by the facts that the effects of sl dq mixing were not previously taken into account, and that the dll' + defect is relatively ill-determined by the present data. There are however significant changes in the (000) defects in passing from n=3 18 ) to the present high n values, particularly in the case of the dq orbital, which would imply further changes as n increases. It is however unfortunately impossible to make sufficient confident assignments for high n members of the 17 .-MPI series to test this contention. Differences between the high n (000) and (100) defects are se~n to lie outside the joint uncertainties only for the du and do orbitals. These could be reconciled by shifts of 8 em-I and 19 em-I in the relevent (000) electronic origins, of which the former could readily be accommodated by reassignment of the 6a line. Hence there is no definitive evidence from the n > 6 bands of any significant difference between the (000) and (100) ii)
It would be helpful to undertake a predissociation excitation search to yield H + OH(A) or OeO) + H2 in the region of the nd(OOO) <--1b I bands for n= 10-12 in order to test the hypothesis that the strong na lines are lost by pre dissociation. --iii) Jet-cooled MPI expenunents in the regions-of the nd(OOO) < --1b I and nd(100) <--I b I bands for n = 4 and 5 would be very helpful in assigning congested room temperature absorption spectra taken by Mayhe~. It would then be possible to follow changes in the quantum defects with n, in regions where the electronic band origins are most sensitive to such changes.
CONCLUDING REMARKS
In this paper new experimental results have been presented for one-and tWo-photon ionization of the water molecule involving resonant excitation to Rydberg levels converging on the (000) and (100) First of all, a comparison of the experimental results for n=6 in the one-and two-photon ionization, suggests that the two-photon ionization results, in which the molecule is initially excited below the first ionization threshold, may be subject to the influences of selective predissociation~ And secondly, it is believed that a significant role in explaining the remaining discrepancies is played by the interaction between bent and llDear Rydberg states.
The ab-initio bending potential curves calculated by Hirst and Child23) show a large number of avoided crossings between diabatic curves related to bent states describing excitations of the 1 b 1 non-bonding orbital and diabatic curves related to linear states describing excitations of the 3a 1 bonding orbital. In particular, Hirst and Child pointed out that the diabatic bending potential energy curve for 3pb 2 < --3a 1 eB 2 ) excitation cuts through all the nd~ <--Ib 1 eB 2 ) diabatic bending potential energy curves close to their eqUilibrium bending angle.
Since, as pointed out above, all the nd components of differ~nt symmetry are coupled through the Coriolis forces on the Rydberg electron, the 3pb 2 < --3a 1 eB 2 ) state would be a prime candidate to perturb the entire spectrum. ... 
